Diabetes-induced kidney cell injury involves an increase in matrix protein expression that is only partly alleviated by current treatment, prompting a search for new modalities. We have previously shown that hydrogen sulfide (H 2 S) inhibits high glu-
cose-induced protein synthesis in kidney podocytes. We tested whether tadalafil, a phosphodiesterase 5 inhibitor used to treat erectile dysfunction, ameliorates high glucose stimulation of matrix proteins by generating H 2 S in podocytes. Tadalafil abrogated high glucose stimulation of global protein synthesis and matrix protein laminin ␥1. Tadalafil inhibited high glucose-induced activation of mechanistic target of rapamycin complex 1 and laminin ␥1 accumulation in an AMP-activated protein kinase (AMPK)-dependent manner. Tadalafil increased AMPK phosphorylation by stimulating calcium-calmodulin kinase kinase ␤. Tadalafil rapidly increased the expression and activity of the H 2 S-generating enzyme cystathionine ␥-lyase (CSE) by promoting its translation. DL-Propargylglycine, a CSE inhibitor, and siRNA against CSE inhibited tadalafil-induced AMPK phosphorylation and abrogated the tadalafil effect on high glucose stimulation of laminin ␥1. In tadalafil-treated podocytes, we examined the interaction between H 2 S and nitric oxide (NO).
N -Nitro-L-arginine methyl ester and 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one, inhibitors of NO synthase (NOS) and soluble guanylyl cyclase, respectively, abolished tadalafil induction of H 2 S and AMPK phosphorylation. Tadalafil rapidly aug-mented inducible NOS (iNOS) expression by increasing its mRNA, and siRNA for iNOS and 1400W, an iNOS blocker, inhibited tadalafil stimulation of CSE expression and AMPK phosphorylation. We conclude that tadalafil amelioration of high glucose stimulation of synthesis of proteins including matrix proteins in podocytes requires integration of the NO-H 2 S-AMPK axis leading to the inhibition of high glucoseinduced mechanistic target of rapamycin complex 1 activity and mRNA translation.
Diabetes-associated kidney injury is characterized by hypertrophy and accumulation of matrix proteins culminating in kidney fibrosis. The mechanisms leading to increment in matrix protein content include an increase in synthesis and inhibition of degradation. High glucose-induced synthesis of matrix proteins can be independently regulated at the levels of transcription (1, 2) and mRNA translation (3, 4) . Elaborate signaling pathways regulate both transcription and translation in the kidney in diabetic mice (2, 5, 6) . These signaling pathways feature kinases that serve to stimulate protein synthesis, e.g. phosphatidylinositol 3-kinase, Akt, mechanistic target of rapamycin complex 1 (mTORC1), 3 and ERK. In addition, recent work has shown that high glucose suppresses kinases that normally inhibit protein synthesis, e.g. AMP-activated protein kinase (AMPK) (7-10) and glycogen synthase kinase 3␤ (11) . These observations have suggested that the control of pathologically increased protein synthesis could be achieved by the activation of inhibitory kinases. Thus, metformin, 5-aminoimidazole-4carboxamide ribonucleotide, and adiponectin, agents that augment AMPK activity, inhibit oxidative stress, renal hypertro-phy, matrix increment, and albuminuria in diabetic rodents (7, 8, 10) . There is a growing interest in other agents that stimulate AMPK. Recent investigations have shown that hydrogen sulfide (H 2 S) activates AMPK in kidney cells (12) . H 2 S is constitutively synthesized in several tissues in mammals. It serves as a gasotransmitter and regulates neuronal functions and contraction of blood vessels (13, 14) . Mice lacking cystathionine ␥-lyase (CSE), an enzyme that synthesizes H 2 S, have high blood pressure that is ameliorated by sodium hydrosulfide, an H 2 S donor (14) . We have recently reported that H 2 S inhibits high glucose-induced synthesis of proteins including extracellular matrix proteins in kidney epithelial cells (12) . The mechanism involves activation of AMPK followed by inhibition of mTORC1 and events in mRNA translation culminating in inhibition of high glucose-induced matrix protein synthesis. H 2 S is generated in the kidney by cystathionine ␤-synthase, CSE, and, 3-mercaptopyruvate sulfurtransferase (12, (15) (16) (17) . The content of cystathionine ␤-synthase and CSE is decreased in the kidney cortex of mice with type 1 or type 2 diabetes, and sodium hydrosulfide, an H 2 S donor, ameliorates diabetes-induced kidney injury (12, 18, 19) . These data suggest that diabetes-induced renal injury is associated with H 2 S deficiency. Pharmacologic agents that promote H 2 S generation are being identified. The beneficial effect of phosphodiesterase 5 (PDE5) inhibitors such as tadalafil on ischemic injury of the heart is mediated by H 2 S (20) . Thus, regulators of H 2 S could include the nitric oxide (NO) pathway. Recent reports suggest that the two gasotransmitters interact in a cell-specific manner (21) . In addition to NO synthases and H 2 S-generating enzymes, PDE5 has been localized to the kidney including the glomerulus (22) (23) (24) , indicating that cell machinery exists for the interaction of pathways involving H 2 S and NO in renal cells. However, to our knowledge, this interaction has not been investigated in the kidney. Our objective was to explore whether the PDE5 inhibitor tadalafil affects high glucose-induced synthesis of proteins including matrix proteins in podocytes and whether this regulation involves the NO-H 2 S-AMPK pathway.
EXPERIMENTAL PROCEDURES
Cell Culture-Mouse podocytes were kindly provided by Dr. P. Mundel, Harvard University, Boston, MA (25) . In brief, Mundel et al. (25) isolated the glomeruli obtained from 10-week-old transgenic H-2k b -tsA58 mice. The glomeruli were plated on collagen I-coated dishes in RPMI 1640 medium containing ␥-interferon. The parent glomeruli were removed by sieving, and primary cell outgrowths were replated in the presence of ␥-interferon to permit cell growth. WT-1-positive (a podocyte marker) clonal cell lines were obtained by the limited dilution method and propagated (25) . For this study, podocytes were grown in RPMI 1640 medium containing 7% FBS, 5 mM glucose, 100 units/ml penicillin, 100 g/ml streptomycin, 2 mM glutamine, and 50 units/ml recombinant mouse ␥-interferon (Gibco) on collagen I (BD Biosciences)-coated plates at 33°C, and differentiation was induced as described previously (12, 25) . To study the effects of high glucose, medium glucose was increased to 30 mM; equimolar 5 mM glucose ϩ 25 mM mannitol served as an osmotic control. Preincubation with tadalafil (provided by Eli Lilly, Indianapolis, IN) was chosen at 8 h based on the initial data on AMPK phosphorylation. Rat glomerular epithelial cells (podocytes) that express nephrin and podocin similar to mouse podocytes (12) are more amenable for transfection; these cells were transfected with siRNA or scrambled RNA using Lipofectamine RNAiMAX (Invitrogen).
Protein Synthesis and Cell Hypertrophy Measurement-These assays were performed as described (12) .
Protein Detection-Immunoblotting was performed as described (11, 12) . All primary antibodies were from Cell Signaling Technology (Danvers, MA) except for those against fibronectin, CSE, laminin ␥1 (Santa Cruz Biotechnology), and cystathionine ␤-synthase (Abgent).
Live Cellular Calcium Imaging-Quiescent cells were incubated with 5 M Fura2-AM (Life Technologies) for 30 min in Hanks' balanced salt solution without calcium (Cellgro, Manassas, VA). Cells were washed with Hanks' balanced salt solution without calcium three times and treated with or without 10 M tadalafil for 1 h in Hanks' balanced salt solution with calcium (Gibco). Live cell calcium imaging with Fura2 was conducted on a Nikon Eclipse Ti inverted microscope with a CFI Super Fluor 40ϫ/numerical aperture 1.3 oil immersion objective and a Semrock Fura2-C-NTE set, which includes 340-and 380-nm dual excitation filters and a 510/84-nm bandpass emission filter. Fluorescence images were collected by a Photometrics CoolSnap HQ2 charge-coupled device camera. Cells were kept in a stage chamber at 37°C and 5% CO 2 during imaging. The built-in Perfect Focus System device in the microscope was enabled to prevent the focus from drifting during the time course data collection.
Quantitative RT-PCR-Quantitative RT-PCR was performed in a MasterCycler RealPlex4 (Eppendorf) using the SYBR Green RT 2 qPCR Primer Assay (Qiagen) with specific gene primers for CSE, iNOS, and GAPDH (Qiagen/SAB science) as described previously (11, 26) .
Polysome Assay-The polysome assay was performed as described (26) . Briefly, postnuclear supernatants were separated on a 15-40% sucrose gradient by centrifugation at 200,000 ϫ g and divided into 10 fractions. Total RNA was isolated by the TRIzol method and used for quantitative RT-PCR.
Assay for H 2 S Generation-The assay was performed as described previously with some modification (27) . Briefly, cells were lysed in ice-cold 100 mM potassium phosphate buffer (pH 7.4) using a sonicator. 250 g of cell lysate was incubated with 20 l of L-cysteine (10 mM) and 20 l of pyridoxal 5Ј-phosphate (2 mM) in a 500-l reaction volume for 3 h at 37°C. 250 l of zinc acetate (1%, w/v) was added to the reaction tube to trap H 2 S in solution followed by addition of 10% TCA. Next, 133 l of N,N-dimethyl-p-phenylenediamine sulfate (20 M) in 7.2 M HCl was added followed by incubation with 133 l of FeCl 3 in 1.2 M HCl for 2 h. Total H 2 S was determined by a 96-well microplate reader (Magellan 6, Tecan Systems Inc.) with 200-l aliquots at 670 nm. The enzymatic activity was calculated as total H 2 S synthesis/unit of protein/unit of time with NaHS standard in 100 mM potassium phosphate buffer (0.1-50 M).
Griess Reaction (28)-Mouse podocytes were incubated with serum-free RPMI 1640 medium for 24 h, and then the medium was changed to Hanks' balanced salt solution. After a 30-min incubation, cells were incubated with or without 10 M tadalafil for up to 2 h. Aliquots of medium were used for measuring nitrate and nitrite by a colorimetric assay kit (Sigma-Aldrich).
Statistical Analysis-Data were expressed as mean Ϯ S.E. Statistical comparisons between multiple groups were performed by one-way analysis of variance, and post hoc analysis was done using the Student-Newman-Keuls multiple comparison test using GraphPad Prism 4 software. A p value of Ͻ0.05 was considered statistically significant.
RESULTS

Tadalafil Inhibits High Glucose-induced Protein Synthesis, Cellular Hypertrophy, and Extracellular Matrix Protein
Expression-In differentiated mouse podocytes, high glucose increased protein synthesis at 16 h, and this was inhibited by preincubation with tadalafil ( Fig. 1A) ; equimolar mannitol, used as an osmotic control for high glucose, did not affect de novo protein synthesis (data not shown). High glucose increased the protein content per unit cell number in podocytes demonstrating hypertrophy, and this was abolished by tadalafil ( Fig. 1B) . Podocytes synthesize matrix proteins laminin and fibronectin that are deposited in the glomerular basement membrane (29) . Expansion of glomerular basement membrane is a common feature of kidney injury in diabetes (30) . High glucose, but not equimolar mannitol, increased the expression of laminin ␥1 and fibronectin in the podocytes, and this was abolished by tadalafil ( Fig. 1, C and D) .
Tadalafil Regulates mRNA Translation by Inhibiting mTORC1-mTORC1 is a major regulator of mRNA translation, a rate-limiting step in protein synthesis (31) . An increase in the phosphorylation of 4E-BP1 and p70S6 kinase is a direct readout of mTORC1 activation (32) . In the resting state, 4E-BP1 binds to eukaryotic initiation factor 4E (eIF4E), the mRNA cap-binding protein, and keeps it inactive, and mTORC1-induced phosphorylation of 4E-BP1 facilitates the initiation phase of translation by releasing eIF4E. In addition to phosphorylating ribosomal proteins, p70S6 kinase stimulates the elongation phase by phosphorylating eukaryotic elongation factor 2 (eEF2) kinase on Ser-366 and inhibiting its activity; reduced activity of eEF2 kinase contributes to dephosphorylation of eEF2 on Thr-56, which facilitates the elongation phase of translation (33, 34) . High glucose significantly stimulated phosphorylation of 4E-BP1, p70S6 kinase, and eEF2 kinase by 5 min, whereas reduction in eEF2 phosphorylation, evident at 5 min, reached significance at 30 min ( Fig. 2 , A-D). High glucoseinduced changes in phosphorylation of 4E-BP1, p70S6 kinase, eEF2 kinase, and eEF2 were inhibited by tadalafil without significant changes in their basal status (Fig. 2, A-D) . These data show that tadalafil abolishes both the initiation and elongation phases of mRNA translation induced by high glucose by inhibiting mTORC1 activity.
Tadalafil Increases AMPK Phosphorylation-AMPK activation by Thr-172 phosphorylation of the catalytic ␣ subunit blocks high glucose-induced protein synthesis by inhibiting Tadalafil inhibits high glucose-stimulated events in mRNA translation. Podocytes were incubated with 5 or 30 mM glucose (GLU) for 5 (A-C) and 30 min (D) with or without preincubation with 10 M tadalafil (TAD) for 8 h. Cell lysate protein was immunoblotted with specific antibodies. A, antibody against 4E-BP1 phosphorylated on Thr-36/47 (P-4E-BP1) or 4E-BP1. B, antibody against p70S6 kinase phosphorylated on Thr-389 (P-S6K) or p70S6 kinase (S6K). C, antibody against eEF2 kinase phosphorylated on Ser-366 (P-eEF2K) and eEF2 kinase (eEF2K). D, antibody against eEF2 phosphorylated on Thr-56 (P-eEF2) and eEF2. In A-D, composite data from three to four experiments are shown in histograms; error bars represent S.E. mTORC1 in podocytes (7, 8, 10, 12) . We explored whether tadalafil inhibition of mTORC1 involves stimulation of AMPK. Tadalafil increased AMPK phosphorylation in a time-and concentration-dependent manner, peaking at 8 h and at 10 -20 M, respectively ( Fig. 3, A and B) . Tadalafil also stimulated phosphorylation of acetyl-CoA carboxylase, an AMPK substrate, providing evidence for AMPK activation by tadalafil ( Fig. 3C ). High glucose reduced the phosphorylation of AMPK and acetyl-CoA carboxylase at 5 min, and this was restored to baseline by preincubation with tadalafil ( Fig. 3 , D and E). Calciumcalmodulin kinase kinase ␤ and LKB1 phosphorylate AMPK on Thr-172; the former is inhibited by STO-609. Tadalafil-induced AMPK phosphorylation could be abolished by STO-609 ( Fig. 3F ). Additionally, 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetrakis(acetoxymethyl ester), a membrane-permeable calcium chelator, blocked tadalafil stimulation of phosphorylation of AMPK and acetyl-CoA carboxylase ( Fig. 3, G and H) . Tadalafil augmented intracellular Ca 2ϩ flow in Fura2-AM-loaded cells in a live cell imaging assay (Fig.  3 , I and J). Finally, whereas siRNA for LKB1 did not affect AMPK phosphorylation by tadalafil, it was abrogated by siRNA for calcium-calmodulin kinase kinase ␤ in rat podocytes (Fig. 3 , K and L), demonstrating that tadalafil stimulates calcium-calmodulin kinase kinase ␤ to phosphorylate AMPK.
Tadalafil Inhibition of High Glucose-stimulated Protein Synthesis Requires AMPK Activation-Stimulation of AMPK inhibits renal hypertrophy induced by hyperglycemia both in vitro and in vivo (7, 10, 12) . We tested whether tadalafil inhibition of high glucose-induced protein synthesis requires AMPK activation by using Compound C, a selective inhibitor of the kinase (12, 35) . Compound C abolished tadalafil inhibition of high glucose stimulation of de novo protein synthesis and laminin ␥1 expression ( Fig. 4, A and B) . Compound C significantly increased basal protein synthesis and laminin ␥1 expression ( Fig. 4, A and B ), suggesting that AMPK maintains a tonal inhibition on protein synthesis in the podocyte. These data sug- A, podocytes were treated with tadalafil (TAD) for the indicated times. B and C, cells were treated with the indicated concentration of tadalafil for 8 h. D and E, cells were incubated with 5 or 30 mM glucose (GLU) for 5 min with or without preincubation with tadalafil. F, tadalafil increased AMPK phosphorylation at 8 h, and this was abolished by STO-609. G and H, cells were treated with or without tadalafil for 8 h followed by incubation with 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM), a calcium chelator, for 30 min. I and J, in a live cell imaging assay using Fura2-AM, tadalafil promoted Ca 2ϩ transients in podocytes up to 1 h (closed circles) relative to DMSO-treated control cells (open circles). K and L, tadalafil-induced AMPK phosphorylation was inhibited in rat podocytes by siRNA against calcium-calmodulin kinase kinase ␤ (si-CaMKK␤) but not that against LKB1 (si-LKB1). Si-Con, siRNA control. In A-H, K, and L, composite data from three to five experiments are shown in graphs; error bars represent S.E. gest that AMPK activation is required for tadalafil inhibition of high glucose-induced protein synthesis and laminin ␥1 expression.
Tadalafil Inhibits High Glucose-induced mTORC1 Activation and mRNA Translation by Stimulating AMPK-Compound C prevented tadalafil-induced reversal of high glucosestimulated phosphorylation of 4E-BP1 and p70S6 kinase, indices of mTORC1 activation (Fig. 5, A and B) . Similarly, Compound C abolished tadalafil-induced modulation of phosphorylation changes in eEF2 kinase and eEF2 caused by high glucose (Fig. 5, C and D) . In podocytes incubated with normal glucose, Compound C significantly increased 4E-BP1 phosphorylation and decreased eEF2 phosphorylation in 5 mM glucose-treated cells, suggesting that AMPK serves to inhibit important reactions in the initiation and elongation phases of mRNA translation in the basal state. These data suggest that AMPK activation is a prerequisite for tadalafil inhibition of high glucose-stimulated mTORC1 and mRNA translation.
Tadalafil Induction of AMPK Phosphorylation Requires Activation of CSE, an H 2 S-generating Enzyme-H 2 S inhibits high glucose-stimulated protein synthesis by activating AMPK (12) . CSE and cystathionine ␤-synthase, enzymes that generate H 2 S, are highly expressed in the kidney (12, 15) . We tested whether H 2 S mediates the aforementioned tadalafil effects. Tadalafil increased H 2 S generation at 1 h, and the level returned to control levels over the next 4 -24 h (Fig. 6A ). Tadalafil-induced H 2 S generation was abolished by preincubation with DL-propargylglycine (PAG), an irreversible CSE inhibitor ( Fig. 6B) (36, 37) , suggesting that CSE was the major H 2 S-generating enzyme in the podocyte. We explored whether tadalafil regulated the expression of CSE. Tadalafil increased CSE protein expression in cells incubated in normal glucose medium; the level peaked at 1 h but returned to baseline between 4 and 24 h (Fig. 6C ) without changes in its mRNA content ( Fig. 6D ), suggesting a non-transcriptional mechanism. Preincubation with cycloheximide, a translation inhibitor, but not actinomycin D, a transcription inhibitor, abolished the tadalafil-induced increase in CSE expression ( Fig. 6E) , supporting regulation at the level of mRNA translation. This was further tested by the polysome assay. Whereas in untreated podocytes 16% of the CSE mRNA was associated with polysomal fractions, the proportion was increased to 64% in tadalafil-treated cells (Fig. 6F) . Given the tendency of tadalafil not to affect general protein synthesis in normal glucose-treated cells (Fig. 1A) , selective stimulation of CSE synthesis by tadalafil suggests that CSE is somehow targeted. Modeling of the 5Ј-untranslated region of CSE (16) showed that it contains two stem loop structures. Such secondary stem loop structures render mRNAs to be regulated by translation, e.g. ribosomal proteins RPL23, RPL34, cyclin D1, baculoviral inhibitor of apoptosis protein (IAP) repeat-containing 5, and osteopontin (38) . Additionally, the short 5Ј-UTR of CSE does not seem to make it less of a candidate for regulation by translation as recent reports suggest that mRNAs with short and less complex UTRs could also be regulated by translation (39) . These data demonstrated that tadalafil rapidly augments CSE expression in the podocyte by increasing the efficiency of translation and not transcription. We next explored whether CSE activity was required for tadalafil-induced AMPK phosphorylation.PAGabrogatedtadalafil-inducedAMPKphosphorylation ( Fig. 7A) . To genetically reduce CSE expression, we used . AMPK mediates tadalafil inhibition of high glucose-induced protein synthesis and matrix laminin ␥1 increment. Podocytes were preincubated with or without Compound C (CC) for 30 min. Cells were then incubated with 30 mM glucose (GLU) for 16 h with or without preincubation with tadalafil (TAD). A, de novo protein synthesis was measured as described in Fig. 1A . B, laminin ␥1 (Lam␥1) content was detected by immunoblotting against laminin ␥1 antibody. In A and B, composite data from four to five experiments are shown in graphs; error bars represent S.E. rat podocytes that express nephrin and podocin (12) and are more amenable for transfection. Similar to mouse podocytes, tadalafil augmented AMPK phosphorylation in these cells in a time-dependent manner and abolished the high glucose-induced reduction in AMPK phosphorylation (Fig. 7, B and C) . As was observed in mouse podocytes, tadalafil abrogated the high glucose-induced increase in laminin ␥1 content in an AMPKdependent manner (Fig. 7D) , supporting the use of rat podocytes to evaluate the requirement of CSE in tadalafil actions. Expression of siRNA against CSE reduced the CSE expression by nearly 50% and abolished tadalafil-induced AMPK activation ( Fig. 7E) . Thus, tadalafil activates CSE by promoting its expression by mRNA translation, leading to H 2 S generation and downstream stimulation of AMPK phosphorylation.
Tadalafil Inhibition of High Glucose-stimulated Protein Synthesis Depends on H 2 S-We investigated whether tadalafil inhibition of high glucose-induced protein synthesis required CSE activity and H 2 S generation. Tadalafil inhibition of high glucose-induced de novo protein synthesis and laminin ␥1 expres-sion was abrogated by PAG, suggesting that the tadalafil effect requires CSE activity and H 2 S generation (Fig. 8, A and B) , and PAG augmented de novo protein synthesis and laminin ␥1 content in cells incubated with 5 mM glucose, suggesting that H 2 S controls constitutive expression of proteins including laminin ␥1. Inhibition of the high glucose-induced increase in p70S6 kinase phosphorylation by tadalafil was abrogated by PAG ( Fig.  8C) . A reduction in CSE expression by siRNA in rat podocytes also abolished tadalafil inhibition of high glucose-induced stimulation of laminin ␥1, confirming the data with PAG (Fig. 8D) . FIGURE 6 . Tadalafil increases CSE expression by promoting its mRNA translation. A, tadalafil (TAD) augmented H 2 S generation at 1 h but not at later time points. B, PAG abolished tadalafil stimulation of H 2 S generation. C, immunoblotting showed that tadalafil stimulated CSE expression at 1 h but not at later time points. D, cells were incubated with tadalafil for the indicated duration. Quantitative RT-PCR was performed with primers for CSE and GAPDH. E, cells were incubated with tadalafil for 1 h with or without preincubation with cycloheximide (CHX) or actinomycin D (ACD) for 30 min. Cell lysate protein was immunoblotted with antibodies against the indicated proteins. In A-E, data from four to 11 experiments are shown in graphs; error bars represent S.E. F, polysome assay. Cells were incubated with or without tadalafil for 1 h. Postnuclear supernatants were centrifuged through a 15-40% sucrose gradient. CSE mRNA was estimated in each fraction of the gradient. CON, control.
FIGURE 7. Tadalafil increases AMPK phosphorylation through CSE activation.
A, cells were incubated with tadalafil (TAD) for 8 h with or without PAG. Cell lysate protein was immunoblotted with antibodies against phospho-AMPK (P-AMPK) or AMPK. B, rat podocytes were treated with tadalafil for the indicated times. C, rat podocytes were incubated with 5 or 30 mM glucose (GLU) for 5 min with or without preincubation with tadalafil. Cell lysate protein was immunoblotted with antibody against the ␣ subunit of AMPK phosphorylated on Thr-172 or AMPK antibody. D, rat podocytes were preincubated with or without Compound C (CC) for 30 min. Cells were then incubated with 30 mM glucose for 16 h with or without preincubation with tadalafil. Laminin ␥1 (Lam␥1) content was detected by immunoblotting with laminin ␥1 antibody. E, rat podocytes were transfected with siRNA against CSE (si-CSE) or control siRNA (Si-Con) and incubated with or without tadalafil. Immunoblotting was done with antibodies against the indicated proteins. In A-E, composite data from three to five experiments are shown in histograms; error bars represent S.E.
Taken together, these data show that tadalafil activation of CSE and generation of H 2 S are required for the inhibition of high glucose-induced AMPK suppression, mTORC1 activation, and protein synthesis.
Generation of cGMP Is Required for Tadalafil Effect on AMPK and CSE-Because tadalafil affects the nitric oxide signaling pathway by inhibiting PDE5 and increasing cGMP (40) and our data show that it stimulates H 2 S generation as well, we explored the interaction between the two gasotransmitters. We first examined whether tadalafil stimulation of CSE and AMPK phosphorylation required cGMP increment by using 1H-[1,2,4]-oxadiazolo-[4,3-a]-quinoxalin-1-one (ODQ), an inhibitor of soluble guanylyl cyclase. Tadalafil significantly augmented the cGMP content in podocytes that was inhibited by ODQ ( Fig. 9A ). Tadalafil-induced AMPK phosphorylation was abolished by ODQ ( Fig. 9B) . Because tadalafil-induced AMPK phosphorylation was dependent on CSE activity (Fig. 7, A and  E) , we tested whether guanylyl cyclase was upstream of CSE. ODQ abolished tadalafil stimulation of CSE generation of H 2 S FIGURE 8. Cystathionine ␥-lyase mediates tadalafil inhibition of high glucose-stimulated protein synthesis and mTOR complex 1 activation. A, de novo protein synthesis was measured as described in Fig. 1A with or without preincubation with PAG for 30 min prior to incubation with tadalafil (TAD) and high glucose (GLU). B, cells were preincubated with PAG for 30 min followed by incubation with tadalafil and glucose as described in Fig. 1C . Cell lysates were immunoblotted with antibody against laminin ␥1 (Lam␥1) antibody and actin. C, cells were preincubated with PAG for 30 min followed by incubation with tadalafil and glucose as described in Fig. 2B . Immunoblotting was performed with antibody against phospho-p70S6 kinase (Thr-389) (P-S6K) and p70S6 kinase (S6K). D, rat podocytes were treated with siRNA against CSE (si-CSE) or control siRNA (Si-Con) and incubated with or without tadalafil. Immunoblotting was done with antibodies against laminin ␥1, CSE, or actin. In A-D, composite data from four to five experiments are shown in graphs; error bars represent S.E.
FIGURE 9. Tadalafil induction of AMPK and inhibition of high glucose-
induced laminin ␥1 increment requires guanylyl cyclase activation. A, cyclic GMP (cGMP) content was measured by a commercial kit. B, podocytes were preincubated with or without ODQ for 30 min followed by incubation with or without tadalafil (TAD) for 8 h. Cell lysates were immunoblotted with antibody against the indicated proteins. C, cells were preincubated with or without ODQ for 30 min followed by incubation with or without tadalafil for 1 h. Cell lysates were immunoblotted with antibodies against the indicated proteins. D, under conditions described in C, hydrogen sulfide generation was measured as described in Fig. 6A . E, cells were preincubated with ODQ for 30 min followed by incubation with tadalafil and glucose as described in Fig. 1C . Cell lysates were immunoblotted with antibody against laminin ␥1 (Lam␥1) antibody and actin. F, 8-bromo-cyclic GMP (Br-cGMP) was added to the cells for the indicated duration, and immunoblotting was done with antibodies against CSE and actin. G, 8-bromo-cyclic GMP was added to the cells for the indicated duration, and immunoblotting was done with antibodies against phospho-AMPK (P-AMPK) and AMPK. In A-G, composite data from three to six experiments are shown in graphs; error bars represent S.E. by blocking its augmented expression ( Fig. 9, C and D) , suggesting that intact soluble guanylyl cyclase activity was required for tadalafil generation of H 2 S. The ability of tadalafil to inhibit the high glucose-induced increase in laminin ␥1 content was also abrogated by ODQ (Fig. 9E) ; ODQ by itself increased laminin ␥1 expression in 5 mM glucose-treated cells. Furthermore, 8-bromo-cGMP augmented CSE expression and stimulated AMPK phosphorylation (Fig. 9, F and G) , confirming the data with ODQ. These data show that in podocytes cGMP generation by soluble guanylyl cyclase is required for tadalafil induction of CSE expression/activity and reversal of high glucoseinduced changes in AMPK phosphorylation and laminin content.
NO Generation by Inducible NOS (iNOS) Is Required for Tadalafil Effect on AMPK and CSE-We tested whether tadalafil affected events upstream of PDE5 inhibition in the NO pathway. Tadalafil has been reported to increase the expression of endothelial NOS (eNOS) in the lung (41) . Preincubation with N -nitro-L-arginine methyl ester, a global NOS inhibitor, abrogated tadalafil stimulation of AMPK phosphorylation (Fig. 10A ) and the increase in CSE expression and activity (Fig. 10, B and  C) . We screened for the type of NOS regulated by tadalafil. Podocytes expressed eNOS, which was not affected by tadalafil, but neuronal NOS was not detected in these cells (Fig. 10, D and  E) . However, tadalafil rapidly augmented the expression of iNOS at both the mRNA and protein levels (Fig. 10, F and G) . Tadalafil induction of iNOS was blocked by both actinomycin D and cycloheximide, suggesting regulation at the level of iNOS transcription (Fig. 10H) . The iNOS inhibitor 1400W and siRNA against iNOS significantly inhibited the tadalafil-induced increase in CSE expression and AMPK phosphorylation (Fig.  11, A-D) , showing a requirement for iNOS for the tadalafil effects. The tadalafil-induced increase in iNOS expression was associated with increased NO production as assessed by the Griess assay (Fig. 11E) . We evaluated the effect of H 2 O 2 , a source of free radicals, on tadalafil stimulation of AMPK; H 2 O 2 did not affect tadalafil-induced AMPK phosphorylation (Fig.  11F ). We also tested the effect of an NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (42); tadalafil-induced AMPK phosphorylation was significantly reduced by 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide, showing that NO mediates tadalafil stimulation of AMPK phosphorylation (Fig. 11G ). Finally, we measured H 2 S generation by tadalafil in podocytes and found that tadalafil significantly augmented H 2 S production by nearly 2-fold in cells incubated in 5 mM and high glucose media (Fig.  11H ).
DISCUSSION
Our data show that tadalafil inhibits high glucose-induced synthesis of proteins including matrix laminin by coordinate regulation of the NO-H 2 S-AMPK-mTORC1 pathway (Fig. 12) . Conversely, high glucose reduces AMPK activity by inhibiting H 2 S generation in addition to reducing AMP content as reported previously (7) . Thus, tadalafil recruits and integrates signaling by two gasotransmitters to ameliorate injurious effects of high glucose in podocytes.
The widespread tissue distribution of PDE5 has permitted investigation of PDE5 inhibitors in diverse clinical conditions including erectile dysfunction, pulmonary hypertension, and cardiovascular diseases (43) . PDE5 is expressed in the kidney and the glomerulus (22) (23) (24) , suggesting that renal cells would be responsive to tadalafil. As expected, tadalafil increased cGMP content in the renal glomerular podocyte in this study. Inhibition of tadalafil regulation of CSE expression by N -nitro-L-arginine methyl ester in the podocyte confirmed an FIGURE 10 . Tadalafil induction of AMPK and CSE expression requires nitric oxide generation. A and B, experimental conditions were similar to those described in Fig. 9 except preincubation with N -nitro-L-arginine methyl ester (L-NAME) was for 30 min. Immunoblotting was done with antibodies against phospho-AMPK (P-AMPK) and AMPK, CSE, and actin. C, under conditions described in B, H 2 S generation was measured. D, tadalafil (TAD) was added to the cells for the indicated duration, and immunoblotting was done with antibodies against eNOS and actin. In A-D, composite data from three to six experiments are shown in graphs; error bars represent S.E. E, immunoblotting was done with antibodies against neuronal NOS (nNOS) and actin with mouse brain as a positive control. F, following treatment with or without tadalafil, iNOS mRNA was estimated by quantitative RT-PCR. Error bars represent S.E. G, cells were treated with or without tadalafil, and iNOS protein expression was tested by immunoblotting. H, cells were incubated with tadalafil for 1 h with or without preincubation with cycloheximide (CHX) or actinomycin D (ACD) for 30 min. Cell lysate protein was immunoblotted with antibodies against the indicated proteins. In G and H, composite data from four to six experiments are shown in graphs; error bars represent S.E. important regulatory role for NO in tadalafil actions. Recent reports suggest that PDE5 inhibitors act at other sites in the NO pathway. For instance, tadalafil augments the expression of eNOS in the lung (41) . Sildenafil stimulates iNOS expression in cardiac myocytes and cytokine-primed vascular smooth muscle cells (44 -46) . PDE5 inhibitors do not promote NOS content in all cells; for example, sildenafil inhibits iNOS expression in synovial sarcoma cells and microglial cells (47, 48) , suggesting that regulation of NOS by PDE5 inhibitors is cell-specific. In the current study, tadalafil stimulated iNOS expression in the podocyte. Activation of iNOS in the kidney has been implicated in inflammation and matrix protein accumulation (renal fibrosis) (49) . In contrast, the novel finding in the current study is that iNOS activation by tadalafil resulted in the amelioration of high glucose-induced podocyte injury via CSE activation and AMPK phosphorylation. There are conflicting data on the role of iNOS in kidney injury in diabetes. Diabetes in iNOS knock-out mice was associated with worse renal injury as indicated by greater glomerular basement membrane thickening and worse tubule interstitial fibrosis, suggesting that iNOS is protective against diabetes-induced kidney injury (50) . In contrast, kidney injury in streptozotocin-induced type 1 diabetes in rat was associated with an increase in iNOS expression, and sildenafil inhibited the iNOS increment and ameliorated kidney injury (51) . However, streptozotocin may increase iNOS expression in the kidney (52) , and sildenafil may reduce kidney injury by streptozotocin. iNOS appears to have a role in astragaloside-induced protection of the heart in ischemia reperfusion injury as astragaloside stimulates HIF-1␣, which in turn augments iNOS expression coinciding with cardiac protection (53) . Other FIGURE 11 . Tadalafil induction of AMPK and CSE expression depends on iNOS. A and B, mouse podocytes were incubated with tadalafil with or without 1400W, a selective iNOS inhibitor. Cell lysate protein was immunoblotted with antibodies against CSE, actin, phospho-AMPK (P-AMPK), and AMPK. C and D, rat podocytes were transfected with siRNA against iNOS (si-iNOS) or control siRNA (Si-Con) and incubated with or without tadalafil (TAD) for 4 -8 h. Immunoblotting was done with antibodies against CSE, actin, phospho-AMPK, and AMPK. E, Griess reaction was performed to estimate nitrite ϩ nitrate content in the medium following incubation with tadalafil. F, cells were incubated with tadalafil with or without H 2 O 2 for 8 h. Cell lysate protein was immunoblotted with antibodies against phospho-AMPK and AMPK. G, cells were incubated with tadalafil for 8 h with or without preincubation for 30 min with 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (C-PTIO), an NO scavenger. Cell lysate protein was immunoblotted with antibodies against phospho-AMPK and AMPK. H, tadalafil augmented H 2 S generation in cells incubated in 5 or 30 mM glucose (GLU) for 1 h. In A-H, composite data from three to six experiments are shown in graphs; error bars represent S.E.
FIGURE 12. A schematic shows pathways of interaction between NO and H 2 S signaling pathways in podocytes incubated with tadalafil.
Tadalafil stimulates NO generation by iNOS and activates soluble guanylyl cyclase to augment cGMP, which leads to an increase in CSE expression and H 2 S generation; H 2 S generation by CSE is required for tadalafil to promote phosphorylation of AMPK by calcium-calmodulin kinase kinase ␤ (CaMKK␤), a Ca 2ϩ -dependent enzyme, and inhibit successively mTORC1 activity and events in mRNA translation, culminating in amelioration of high glucose-induced cellular hypertrophy and increase in matrix protein expression. Additionally, previous reports have shown that high glucose reduces AMP content in podocytes (7) , which may also contribute to reduction in AMPK phosphorylation. BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetrakis(acetoxymethyl ester). studies in cardiac myocytes highlight the complex role of iNOS in myocardial injury in lipopolysaccharide-induced endotoxemia. Whereas iNOS activation in the infiltrating leukocytes inhibits cardiomyocyte contraction via oxidative stress, the activity of iNOS in the cardiomyocyte is important for its adaptive increased contraction in response to adrenergic stimulation in endotoxemia (54) . These data highlight the importance of context and cellular source of iNOS in assessing whether it plays an injurious or beneficial role in tissue injury. eNOS is thought to play a protective role in diabetes because mice that lack eNOS manifest greater kidney injury in both type 1 and type 2 diabetes (55, 56); however, tadalafil did not alter eNOS expression in our study. Because our studies were limited to cultured cells, the role of iNOS needs to be critically tested in tadalafil-treated animals with spontaneous diabetes. It is important to evaluate whether kidney-specific overexpression of iNOS protects against diabetes-induced kidney injury. Nitric oxide binds to the heme moiety of soluble guanylyl cyclase, resulting in an increase in its activity to generate cGMP (57) . Studies with ODQ suggested the requirement of soluble guanylyl cyclase activity for tadalafil induction of CSE. 8-Bromo-cGMP directly augmented CSE expression, suggesting that cGMP mediates tadalafil action on CSE.
The current study in the podocyte showed that tadalafil integrates the pathways of two gasotransmitters, NO and H 2 S, to inhibit high glucose-induced protein synthesis. The interaction between H 2 S and NO has drawn considerable attention recently (21) . In some instances, NO is upstream of H 2 S generation as was the case in our study. Similarly, in the heart, tadalafil protection against ischemia reperfusion injury was abolished by the absence of CSE, suggesting mediation by H 2 S (20) . Conversely, H 2 S has been shown to activate eNOS via the VEGF-Akt axis in the failing heart (58) . Angiogenesis and promotion of wound healing by H 2 S requires eNOS activation (59) . H 2 S can post-translationally modify eNOS by S-sulfhydration of Cys-443, leading to stabilization of its dimers, thus facilitating NO production (60). H 2 S increased cGMP and activated PKG in endothelial cells (59) , leading the authors to suggest that NO and H 2 S converge at cGMP in endothelial cells. It is evident from the above that the interaction between NO and H 2 S varies with the cell type and context.
An important observation to emerge from this study is that tadalafil augments H 2 S generation by increasing CSE expression by augmenting translation of its mRNA. There is a limited understanding of factors regulating CSE transcription. The CSE gene is 1.8 kb in size with 12 exons with rich expression in the kidney (16) . Dietary restriction of cysteine augments CSE expression in the liver; because this is blocked in the liver-specific tuberous sclerosis knock-out mice that have constitutive mTORC1 activation, the latter appears to inhibit CSE gene expression in the dietary restriction model (61) . The transcription factor Sp1 regulates CSE gene expression in vascular smooth muscle cells (62) . miR-21 is an important negative regulator of Sp1 expression and thus can indirectly affect CSE transcription (63) . In colon carcinoma cells, ␤-catenin binds to the promoter of CSE to enhance its expression, which in turn augments cell proliferation (64) . In the current study, CSE-specific inhibition showed that nearly all the increment in H 2 S generation by tadalafil in the podocyte could be accounted for by the increase in CSE. Because CSE content of the kidney is reduced in diabetic nephropathy (12, 18) , H 2 S deficiency likely contributes to kidney injury in diabetes. NaHS, an H 2 S donor, ameliorated albuminuria and the increase in matrix collagen protein in rats with type 1 diabetes (18); however, the signaling mechanisms involved were not explored. From a clinical translation perspective, NaHS is not suitable for human consumption. Our studies suggest that PDE5 inhibitors may serve as H 2 S donors. The effect of PDE5 inhibitors has been investigated in animal models of diabetic nephropathy. The PDE5 inhibitors sildenafil and vardenafil ameliorated matrix accumulation and albuminuria in rats with streptozotocin-induced type 1 or spontaneous type 2 diabetes (51, 65, 66) . However, these studies did not explore whether H 2 S was involved in the salutary effects of PDE5 inhibitors.
Our study demonstrates that tadalafil activates AMPK by recruiting H 2 S. Tadalafil-induced AMPK inhibited high glucose-induced mTORC1 activation and events in mRNA translation leading to matrix protein synthesis similarly to our previous report on H 2 S (12). We now add PDE5 inhibitors to the list of agents stimulating AMPK that includes adiponectin, metformin, 5-aminoimidazole-4-carboxamide ribonucleotide, and resveratrol (7) (8) (9) (10) 67) . A limitation of our study is the lack of in vivo data to assess the need for H 2 S generation in tadalafil amelioration of diabetic kidney injury. Most of the studies on diabetic kidney injury using H 2 S donors including PDE5 inhibitors have been of short duration. It remains to be seen whether these interventions will result in long term amelioration of kidney injury in diabetes. For instance, early diabetes is associated with AMPK inhibition and activation of Akt and mTOR in the kidney (6, 7) , whereas at a longer duration of diabetes these signaling pathways may not be activated (68, 69) ; thus, agents that activate AMPK and inhibit mTOR may be effective in the early but not in the late phase of diabetes. Additionally, H 2 S is not beneficial in all models of renal injury as its effect can vary with the context (70) . Whereas H 2 S ameliorates renin-induced hypertension (71), ischemia-reperfusion injury in the kidney and heart (17, 20) , obstructive kidney injury (72), preeclampsia (73) , and hyperhomocysteinemia-induced chronic kidney disease (74) and protects endothelium against high glucose (75), it assumes a pathologic role as a mediator in cisplatinum-induced kidney cell injury (76) , streptozotocin-induced pancreatic ␤ cell injury (77) , and colon carcinoma (78) . These considerations suggest that a critical evaluation of PDE5 inhibitors and H 2 S donors should be done in long term models of kidney injury in diabetes. If found beneficial in animal models, PDE5 inhibitors can be rapidly evaluated in clinical trials in diabetic kidney disease because they are already approved for use in other disorders such as erectile dysfunction.
